Paradoxical opioid-induced pain has been demonstrated repeatedly in humans and animals. The mechanisms of such pain are unknown but may relate to opioid-induced activation of descending pain facilitatory systems and enhanced expression and pronociceptive actions of spinal dynorphin. Here, the possibility that these opioid-induced central changes might mediate increased excitability to the spinal cord was tested. Tactile and thermal hypersensitivity was observed at 7, but not 1, days after subcutaneous morphine pellet implantation; placebo pellets produced no effects. Basal and capsaicin-evoked release of calcitonin gene-related peptide (CGRP) was measured in minced spinal tissues taken from naive rats or rats on postpellet days 1 and 7. The content and evoked release of CGRP were significantly increased in tissues from morphine-exposed rats at 7, but not 1, days after implantation. Morphine increased spinal dynorphin content on day 7 in rats with sham bilateral lesions of the dorsolateral funiculus (DLF) but not in rats with DLF lesions. Pharmacological application of dynorphin A (2-13) , a non-opioid fragment, to tissues from naive rats enhanced the evoked release of CGRP. Enhanced evoked release of CGRP from morphine-pelleted rats was blocked by dynorphin antiserum or by previous lesions of the DLF. Sustained morphine induces plasticity in both primary afferents and spinal cord, including increased CGRP and dynorphin content. Morphineinduced elevation of spinal dynorphin content depends on descending influences and enhances stimulated CGRP release. Enhanced transmitter release may allow increased stimulusevoked spinal excitation, which is likely to be critical for opioidinduced paradoxical pain. Such pain may manifest behaviorally as antinociceptive tolerance.
Paradoxical opioid-induced pain has been demonstrated repeatedly in humans and animals. The mechanisms of such pain are unknown but may relate to opioid-induced activation of descending pain facilitatory systems and enhanced expression and pronociceptive actions of spinal dynorphin. Here, the possibility that these opioid-induced central changes might mediate increased excitability to the spinal cord was tested. Tactile and thermal hypersensitivity was observed at 7, but not 1, days after subcutaneous morphine pellet implantation; placebo pellets produced no effects. Basal and capsaicin-evoked release of calcitonin gene-related peptide (CGRP) was measured in minced spinal tissues taken from naive rats or rats on postpellet days 1 and 7. The content and evoked release of CGRP were significantly increased in tissues from morphine-exposed rats at 7, but not 1, days after implantation. Morphine increased spinal dynorphin content on day 7 in rats with sham bilateral lesions of the dorsolateral funiculus (DLF) but not in rats with DLF lesions. Pharmacological application of dynorphin A (2-13) , a non-opioid fragment, to tissues from naive rats enhanced the evoked release of CGRP. Enhanced evoked release of CGRP from morphine-pelleted rats was blocked by dynorphin antiserum or by previous lesions of the DLF. Sustained morphine induces plasticity in both primary afferents and spinal cord, including increased CGRP and dynorphin content. Morphineinduced elevation of spinal dynorphin content depends on descending influences and enhances stimulated CGRP release. Enhanced transmitter release may allow increased stimulusevoked spinal excitation, which is likely to be critical for opioidinduced paradoxical pain. Such pain may manifest behaviorally as antinociceptive tolerance.
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It is well documented that morphine elicits paradoxical abnormal pain (i.e., hyperalgesia or enhanced nociception) in both clinical and preclinical settings. Abnormal pain has been described in patients after spinal morphine administered for chronic pain (Arner and Meyerson, 1988) . Such abnormal pain differs in presentation, location, and quality than the original pain complaint (Ali, 1986; Stillman et al., 1987; De Conno et al., 1991; Devulder, 1997) . Preclinical studies have also demonstrated opioid-induced abnormal pain (Yaksh et al., 1986; Yaksh and Harty, 1988; Mao et al., 1994 Mao et al., , 1995c Mao et al., , 1998 Larcher et al., 1998; Celerier et al., 2000 Celerier et al., , 2001 Vanderah et al., 2000 Vanderah et al., , 2001a . The mechanisms underlying such pain are unknown. Recent investigations have demonstrated that morphine-evoked abnormal pain may result from neuroplastic changes in the rostral ventromedial medulla (RVM) (Vanderah et al., 2001b) . The RVM has been identified as a source of spinopetal inhibitory and facilitatory modulation of nociceptive inputs (Heinricher et al., 1989; Fields, 1992; Morgan et al., 1992) . Manipulations performed in the RVM that block its activity are known to block pain in a number of settings, including inflammation (Mansikka and Pertovaara, 1997) and nerve injury (Kovelowski et al., 2000; Burgess et al., 2002) . Hyperalgesia resulting from naloxone-precipitated opioid withdrawal was blocked by RVM lidocaine (Kaplan and Fields, 1991) and associated with increased discharge of cells thought to mediate facilitation (i.e., "ON" cells) (Bederson et al., 1990; Kim et al., 1990) .
Similarly, tactile and thermal hypersensitivity resulting from sustained delivery of subcutaneous morphine was abolished by RVM microinjection of lidocaine or by bilateral lesions of the dorsolateral funiculus (DLF), suggesting the importance of descending facilitatory influences in opioid-induced abnormal pain (Vanderah et al., 2001b) . Manipulations that blocked opioidinduced pain also blocked the behavioral manifestation of opioid antinociceptive tolerance. Opioid-induced abnormal pain and antinociceptive tolerance are also characterized by an upregulation in spinal dynorphin content (Vanderah et al., 2000) . Spinal administration of dynorphin has been shown to induce pain (Vanderah et al., 1996; Laughlin et al., 1997) , and spinal (ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate (MK-801) or dynorphin antiserum blocks morphineinduced abnormal pain and antinociceptive tolerance (Vanderah et al., 2000; Gardell et al., 2001) . These studies suggest a pronociceptive role for upregulated spinal dynorphin as a mediator of opioid-induced pain.
Morphine-induced abnormal pain and antinociceptive tolerance is known to be blocked by NMDA receptor antagonists (Mao et al., 1995a,c; Larcher et al., 1998; Celerier et al., 1999; Laulin et al., 1999) . Although a common interpretation of these findings is an interaction between opioid and NMDA receptors via intracellular mechanisms (Mao et al., 1995b,c,d) , an alternative possibility might be the blockade of opioid-induced excita-tion. However, the source of possible opioid-induced excitation is not known. Recently, Hargreaves and colleagues suggested that non-opioid fragments of dynorphin can enhance the evoked release of calcitonin gene-related peptide (CGRP) in isolated spinal cord tissues (Claude et al., 1999) . The present study was undertaken to test the hypothesis that the upregulation of spinal dynorphin resulting from sustained morphine exposure acts to enhance the evoked release of an excitatory transmitter from primary afferent fibers. Additionally, the possible relationship between opioid-induced descending facilitation and spinal dynorphin was explored.
MATERIALS AND METHODS
Male Sprague Dawley rats (Harlan Sprague Dawley, Indianapolis, I N), 200 -300 gm at time of testing, were maintained in a climate-controlled room on a 12 hr light /dark cycle (lights on at 6:00 A.M.) with food and water available ad libitum. All testing was performed in accordance with the policies and recommendations of the International Association for the Study of Pain and the National Institutes of Health guidelines for the handling and use of laboratory animals and received approval from the Institutional Animal C are and Use Committee of the University of Arizona. Groups of 5-10 rats were used in all experiments.
Sustained morphine administration. The sustained systemic administration of morphine was accomplished by subcutaneous implantation of two 75 mg free base pellets. Control groups received placebo pellets containing excipient only. The pellets were obtained as a generous gift from the National Institute on Drug Abuse Drug Supply Program.
Behavioral thresholds. Behavioral responses to thermal and tactile stimuli were determined before implantation of the pellets and on the first or seventh day of pellet exposure (i.e., with the pellets in place) to establish the possible presence of changes in tactile and thermal response thresholds. The method of Hargreaves et al. (1988) was used to assess paw-withdrawal latency to a thermal nociceptive stimulus. Rats were allowed to acclimate within a Plexiglas enclosure on a clear glass plate maintained at 30°C. A radiant heat source (i.e., high-intensity projector lamp) was activated with a timer and focused onto the plantar surface of the hindpaw. Paw-withdrawal latency was determined by a motion detector that halted both lamp and timer when the paw was withdrawn. A maximal cutoff of 40 sec was used to prevent tissue damage. A significant reduction in paw-withdrawal latency from the pre-pellet value was interpreted as thermal hyperalgesia. Pairwise comparisons were performed with Student's t test, and significance was set at p Յ 0.05.
The paw-withdrawal thresholds of the hindpaws of the rats were determined in response to probing with eight calibrated von Frey filaments (Stoelting, Wood Dale, IL) in logarithmically spaced increments ranging from 0.41 to 15 gm (4 -150 mN). Each filament was applied perpendicularly to the plantar surface of the paw of rats kept in suspended wire-mesh cages. Withdrawal threshold was determined by sequentially increasing and decreasing the stimulus strength ("up and down" method), analyzed using a Dixon nonparametric test (Dixon, 1980; Chaplan et al., 1994) , and expressed as the mean withdrawal threshold. A significant reduction in paw-withdrawal threshold from the pre-pellet value indicated tactile hypersensitivity. Pairwise comparisons were performed with Student's t test. Significance was set at p Յ 0.05.
Spinal DLF lesions. Bilateral spinal lesions at the T 8 level were performed in naive rats under halothane anesthesia. A laminectomy was made at the T 8 level to expose the spinal cord. Lesions of the dorsolateral f uniculus (DL F) were performed by crushing the area with fine forceps under a dissecting microscope. Sham-DL F surgery was performed by exposing the vertebrae and performing the laminectomy but without cutting neuronal tissue. Hemostasis was confirmed, and the wound over the exposed spinal cord was packed with Gelfoam and closed. All lesions were verified histologically at the termination of the experiment. Only rats with appropriately placed DL F lesions, determined post hoc, were included in the subsequent data analysis.
T issue e xtraction and preparation. Rats were deeply anesthetized with halothane and decapitated. The spinal column was cut through at the pelvic girdle. Hydraulic extrusion was performed by inserting a 16 gauge needle into the sacral vertebral canal and expelling with ice-cold saline. The spinal cord was immediately placed on ice in a glass Petri dish, and the dorsal half of the lumbar cord was dissected. Tissue samples that were to be quantified for dynorphin content were then immediately frozen in liquid nitrogen and stored at Ϫ70°C until assayed. Tissues for use in the CGRP release assay were weighed and chopped into 0.2 mm cubes with a McI lwain tissue chopper (Mickle Laboratory Engineering, Gomshall, UK).
CGR P release assays. Minced tissue samples were placed in a 1 cc chamber and continuously superf used with oxygenated modified Krebs' buffer (135 mM NaC l, 3.5 mM KC l, 1 mM MgC l 2 , 20 mM NaHC O 3 , 1 mM NaHPO 4 , 2.5 mM CaCl 2 , 3.3 mM dextrose, 0.1 mM ascorbic acid, 10 mM thiorphan, and 0.1% bovine serum albumin) maintained at 37°C, pH 7.4, at a rate of 0.5 ml /min with a Brandel Superf usion Pump (Brandel, Gaithersburg, MD). The tissue was allowed to equilibrate for 45 min. Superf usate was collected in 3 min intervals into test tubes using a fraction collector (Gilson, Middleton, W I). A total of four to five fractions (12-15 min) were collected before adding capsaicin. C apsaicin was then added for a perf usion concentration of 1 M for 6 min (two fractions). Superf usate was then collected for an additional 27-30 min (9 -10 fractions).
Radioimmunoassay for CGR P in superf usate. The superf usate obtained from the release assay was preincubated with 100 l of a C -terminally directed anti-CGRP antibody (generously donated by Dr. Michael Iadarola, National Institutes of Dental and Craniofacial Research, National Institutes of Health, Bethesda, MD) for 24 hr at 4°C. The samples were each mixed with 100 l of [ 125 I-T yr 0 ]CGRP 28 -37 (at 20,000 -25,000 cpm per assay tube) and 50 l of goat anti-rabbit antiserum coupled to ferric beads and incubated for an additional 24 hr. The [
125 I]CGRP bound to the CGRP antibody was separated from the free tracer through immunomagnetic separation (PerSeptive Diagnostics, C ambridge, M A). The immunoprecipitates were determined by gamma counting. Standard curves were generated, and CGRP content was determined through logit-log analysis. This assay has a minimal detection limit of 1-3 fmol / tube. The CGRP antiserum used in these experiments binds near the C -terminal end of CGRP and does not cross-react with cholecystokinin, neuropeptide Y, or other peptides with similar C -terminal residues. The CGRP concentrations were plotted against time in 3 min intervals. Evoked release was calculated as the total amount of CGRP released (i.e., CGRP-IR) during the capsaicin inf usion above the basal release of CGRP.
Total CGR P content. Tissues were placed in 2 ml of 0.01N HC l and homogenized using a Polytron, followed by centrif ugation at 2500 ϫ g for 20 min. The supernatant was diluted 1:400 in modified Krebs' buffer and then assayed for total CGRP content using the radioimmunoassay described above. Pairwise comparisons between treatments were detected using Student's t test. Significance was determined at the p Յ 0.05 level.
Dynorphin immunoassay. Tissues were placed in 1N acetic acid and homogenized with a Polytron. The homogenates were incubated for 30 min at 95°C and centrif uged at 14,000 ϫ g for 20 min (4°C). The supernatants were lyophilized and stored at Ϫ70°C. Protein concentrations were determined using the bichinchoninic acid method with bovine serum albumin as a standard. Immunoassay was performed using a commercial enzyme immunoassay system for dynorphin A (1-17) (Bachem / Peninsula Labs, Torrance, CA). Standard curves were constructed using the software Prizm (GraphPad, San Diego, CA). Pairwise comparisons between treatments were detected using Student's t test. Significance was determined at the p Յ 0.05 level.
Dynorphin antiserum. The anti-dynorphin antiserum that was used to neutralize dynorphin in the release experiments was raised against dynorphin A (1-13) (item #T-4278.0500; Bachem / Peninsula Labs). This antiserum demonstrates 100% cross-reactivity with dynorphin A (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) and dynorphin A (1-12) fragments. Control serum refers to serum from rabbits that have not been exposed the antigen.
Immunofluorescence. After the anesthesia with ketamine HC l / xylazine (1 ml / kg; Sigma; St. L ouis, MO), the rats were perf used transcardially with 0.1 M PBS until the exudate ran clear and fixed with 10% formalin and 0.05% glutaraldehyde in 0.1 M PBS, pH 7.4, for ϳ15 min. L umbar spinal cords were harvested and postfixed in 10% formalin overnight and cryoprotected with 20% sucrose in 0.1 M PBS. Frozen frontal sections (20 m) were washed in 0.1 M PBS and then incubated with a rabbit anti-CGRP antiserum (1:40,000; Bachem / Peninsula Labs) in 0.1 M PBS with 5% normal goat serum overnight at 4°C, followed by washing and secondary incubation with a C y3-conjugated goat anti-rabbit IgG (1:500; Jackson ImmunoResearch, West Grove, PA) for 2 hr. The sections were rinsed and mounted in Vectashield. Fluorescence digital images were captured using a Nikon (Tokyo, Japan) E800 fluorescence microscope outfitted with a Hamamatsu (Bridgewater, NJ) C5810 color CCD camera that output to a Pentium microcomputer.
RESULTS

Evaluation of tactile and thermal thresholds after placebo or morphine pellets
The mean pretreatment (i.e., baseline) paw-withdrawal threshold to probing of the hindpaw with von Frey filaments was 15 Ϯ 0 gm, and the paw-withdrawal latency to noxious radiant heat applied to the plantar aspect of the hindpaw was 20.8 Ϯ 0.26 sec. Rats with morphine pellets demonstrated a significantly reduced mean pawwithdrawal threshold of 4.53 Ϯ 0.74 gm ( p Յ 0.05) 7 d after pellet implantation. Similarly, these animals also showed a significant reduction in the mean paw-withdrawal latency of 13.9 Ϯ 1.02 sec ( p Յ 0.05). Previous studies have shown that the development of tactile and thermal hypersensitivity after morphine pellet implantation is time related. showed that the response thresholds to tactile and thermal stimulation were modestly reduced from pretreatment values within 1 d after morphine exposure but did not achieve a maximal level of change until day 7. In the present studies, the paw-withdrawal threshold was reduced from a baseline of 15.0 Ϯ 0 to 13.1 Ϯ 1.4 gm at day 1 after morphine pellets. Similarly, paw-withdrawal latencies were essentially unchanged with baseline values of 21.0 Ϯ 0.6 and 20.15 Ϯ 0.6 sec at day 1 after morphine pellets. These tactile and thermal threshold values at day 1 post-morphine pellets were not significantly different from the pre-pellet baseline ( p Ͼ 0.05; Student's t test). In control rats that received placebo pellets, the mean paw-withdrawal threshold (15 Ϯ 0 and 14.5 Ϯ 0.5 gm at 1 and 7 d, respectively), and the mean paw-withdrawal latency (21.2 Ϯ 0.51 and 20.6 Ϯ 0.66 sec at 1 and 7 d, respectively) were not significantly different from the respective pre-pellet values ( p Ͼ 0.05). These results suggest that exposure to subcutaneous morphine pellets elicits enhanced pain that is firmly established by postpellet day 7, with earlier time points likely representing a timerelated transitional period of sensory thresholds ).
Morphine-induced upregulation of spinal dynorphin-IR is blocked by DLF lesions
Rats were prepared with bilateral DLF, or sham-DLF, lesions and were implanted with either placebo or morphine pellets 2 d after the surgical procedures. On the seventh day after pellet implantation, the dorsal halves of the lumbar spinal cords were removed and assayed for dynorphin content. The sustained exposure to morphine in rats with sham-DLF lesions produced a significantly greater ( p Յ 0.05) spinal dynorphin content relative to the placebo-pelleted control group (Fig. 1) . The dynorphin-IR levels were 384 Ϯ 18 and 296 Ϯ 12 fmol/mg protein in the morphine-and placebo-treated sham-DLF groups, respectively (Fig. 1) . In rats that had bilateral DLF lesions before morphine pellet implantation, however, the dynorphin level was 292 Ϯ 8 fmol/mg protein, which was not significantly different ( p Ͼ 0.05) from that of the placebo-pelleted, sham-lesioned control group (Fig. 1) . Lesions of the DLF alone did not alter spinal dynorphin expression. Rats implanted with placebo pellets that also received DLF lesion had a mean dynorphin content of 282 Ϯ 8 fmol/mg protein, which was not significantly different ( p Ͼ 0.05) from that of the placebo-pelleted, sham-lesioned control group (Fig. 1) . Thus, sustained morphine exposure induced an enhanced level of spinal dynorphin-IR that could be prevented by bilateral lesion of the DLF.
Sustained morphine exposure enhances CGRP content
Sustained morphine exposure also produced an upregulation of immunoreactivity for CGRP in the lumbar dorsal horn of the spinal cord (Fig. 2) in a time-dependent manner. Enhanced fluorescence labeling for CGRP was seen in the dorsal horn 7 d (Fig. 2 D) , but not 1 d (Fig. 2 B) , after morphine pellet implantation when compared with that seen in tissues from placebopelleted rats at post-implantation days 1 and 7 (Fig. 2 A, C , respectively) (preabsorbed control not shown). CGRP was confined bilaterally to the outer laminas (I and II) of the spinal dorsal horn in placebo rats and rats that were exposed to morphine for 1 d (Fig. 2 A-C) . Tissues taken from rats after 7 d of morphine pellet implantation, however, showed that the CGRP was more intense in the outer laminas of the dorsal horn, and the immunolabeling could be seen to extend into deeper laminas (Fig. 2 D) .
CGRP in the dorsal horn was quantified by radioimmunoassay of spinal cord extracts in separate parallel assays from placeboand morphine-pelleted rats after day 1, and again after day 7, of pellet implantation. CGRP content was determined to be 1120 Ϯ 58 and 1336 Ϯ 81 pmol/gm tissue in spinal tissues from 1 d placebo-and morphine-pelleted rats, respectively (n ϭ 6 rats per group). When compared with the day 1 placebo-pelleted control group, the morphine-pelleted group on day 1 showed a 19 Ϯ 7.5% Figure 1 . Male Sprague Dawley rats received bilateral lesions of the DLF or sham surgery at T 8 and were allowed to recover for 2 d. The animals were then implanted with two subcutaneous placebo or morphine (75 mg) pellets. After 7 d, the spinal cords were removed, and the dorsal halves of the lumbar cords were assayed for dynorphin immunoreactivity. The dorsal lumbar cords of rats with morphine pellets and sham-DLF lesions showed significantly greater levels of dynorphin (*p Յ 0.05) than tissues from rats with placebo pellets and sham-DLF lesions. The levels of spinal dynorphin from the rats with placebo pellets and DLF lesions were not different from those seen in tissues from rats with placebo pellets and sham-DLF lesion ( p Ͼ 0.5). Morphine pellets failed to significantly increase the levels of dynorphin in spinal tissues taken from animals with DLF lesions. These levels were not different from those seen with placebo pellets and DLF lesion or from placebo pellets and sham-DLF lesion. Each treatment group consisted of six animals. increase in CGRP; this difference was small but statistically significant ( p Յ 0.05). CGRP content was determined to be 2455 Ϯ 309 and 6451 Ϯ 595 pmol/gm tissue in spinal tissues from 7 d placebo-and morphine-pelleted rats, respectively (n ϭ 8 rats per group). When compared with the 7 d placebo-pelleted control group, the morphine-pelleted group on day 7 showed a 163 Ϯ 24% increase in CGRP, a difference that was statistically significant ( p Յ 0.05). These data are in good agreement with the immunohistochemical analysis of CGRP after 1 or 7 d of morphine exposure.
Sustained morphine exposure enhances capsaicinevoked, but not basal, release of CGRP Basal CGRP release was measured in tissues taken from rats 1 or 7 d after implantation of placebo or morphine pellets. No differences were observed in unstimulated release in these groups (Fig.  3A) . Capsaicin-stimulated release of CGRP in tissues taken from rats 1 d after placebo pellets did not differ significantly from that observed in tissues taken from rats 7 d after placebo pellets (Fig.  3 A, B) . Similarly, the capsaicin-stimulated release of CGRP observed in tissues taken from rats 1 d after morphine pellets did not differ significantly from that observed from tissue taken from placebo-pelleted rats at either time point (Fig. 3 A, B) . In contrast, capsaicin-evoked release of CGRP in tissues taken from rats 7 d after morphine pellets was significantly greater than that seen in either the placebo-or morphine-pelleted day 1 tissues (Fig.   3 A, B) . For comparison purposes, evoked post-placebo pellet day 1 CGRP release was normalized as 100 Ϯ 27%. Under the same conditions, the evoked CGRP released from spinal dorsal horn tissue harvested 1 d after morphine pellet implantation was 112 Ϯ 38% of this control group (difference not significant). Similarly, evoked post-placebo pellet day 7 CGRP was normalized as 100 Ϯ 31%. Under the same conditions, the evoked CGRP released from spinal dorsal horn tissues harvested 7 d after morphine pellets was 270 Ϯ 49% of this control ( p Յ 0.05).
Enhanced evoked released CGRP in tissues from morphine-exposed rats is blocked by previous bilateral DLF lesions
Tissues were taken 7 d after placebo or morphine pellet implantation from rats with previous sham-DLF or DLF lesions for evaluation of basal and evoked CGRP release. No differences were observed in unstimulated release in these groups (Fig. 4 A) . Capsaicin-stimulated release of CGRP in tissues from placebopelleted sham-DLF rats did not differ significantly from that observed in tissues from placebo-pelleted DLF rats (Fig. 4 A) . Evoked CGRP release in tissues taken from sham-DLF morphine-pelleted rats was significantly higher than that observed from tissues from either of the placebo-pelleted groups ( p Յ 0.05) (Fig. 4 B) . In contrast, evoked CGRP release in tissues taken from DLF morphine-pelleted rats was not significantly different from that observed in tissues from the placebo-pelleted groups Tissue from placebo-treated rats is shown in the left column, and that from morphine-treated rats is shown in the right column. No apparent difference in CGRP immunoreactivity is seen between the spinal sections obtained from placebo-treated and morphine-treated rats 1 d after pellet implantation. The staining intensity of CGRP in tissues from morphine-treated rats on day 7 is enhanced when compared with the placebo-treated rats on day 7. The enhanced staining is apparent in both laminas I/II and in deeper laminas. Scale bar, 400 m.
and was significantly lower than that seen in tissues from the sham-DLF morphine-pelleted group ( p Յ 0.05) (Fig. 4 B) . For comparison purposes, evoked CGRP release in sham-DLF placebo-pelleted tissues was normalized as 100 Ϯ 20%. The evoked CGRP release in sham-DLF morphine-pelleted tissues was 210 Ϯ 28% of this control group ( p Յ 0.05). Similarly, evoked CGRP release in DLF placebo-pelleted tissues was normalized as 100 Ϯ 25%. The evoked CGRP release in DLF morphinepelleted tissues was 78 Ϯ 16 of this control group (difference not significant). . Male Sprague Dawley rats received bilateral lesions of the DLF or sham surgery at T8 and were allowed to recover for 2 d. The animals were then implanted with two subcutaneous placebo or morphine (75 mg) pellets. Seven days after pellet implantation, the spinal cords were removed, and the dorsal halves of the lumbar cords were assayed for basal and evoked CGRP release. The horizontal bar in A represents the period in which capsaicin (1 M) was added to the perfusate to evoke the release of CGRP. Basal CGRP release was not different among the treatment groups. In tissues from the sham-DLF-lesioned and morphine-treated rats (n ϭ 11), capsaicin-evoked release of CGRP was significantly (*p Յ 0.05) greater when compared with the sham-DLF, placebo-treated group (n ϭ 11). Tissues from rats with DLF lesion and placebo pellets (n ϭ 10) did not show significantly different levels of evoked CGRP release when compared with tissues from sham-DLF and placebo pellets. However, tissues from rats with bilateral DLF lesion and morphine pellets (n ϭ 8) showed levels of evoked CGRP that were not significantly different from the DLF-lesioned placebo group or the sham-DLF-lesioned placebo group.
Enhanced capsaicin-evoked released CGRP in tissues from morphine-exposed rats is blocked by anti-dynorphin antiserum
Neither control serum nor anti-dynorphin antiserum (1 mg/100 ml) produced any change in basal release of CGRP in tissues taken 7 d after placebo or morphine pellets (n ϭ 10 per group; data not shown). As noted previously, no differences were observed in unstimulated CGRP release in tissues taken 7 d after placebo or morphine pellet implantation (Fig. 5A) . Evoked CGRP release in tissues taken from placebo-pelleted rats did not differ significantly from that observed from tissues taken from placebo-pelleted rats in the presence of control serum or dynorphin antiserum (Fig. 5A) . Evoked CGRP release in tissues taken from morphine-pelleted rats did not differ significantly from that observed in tissues taken from morphine-pelleted rats in the presence of control serum (Fig. 5A ), but evoked release in both of these groups was significantly greater than that observed in the placebo-pelleted groups in the absence or presence of control serum. In contrast, evoked CGRP release in tissues taken from morphine-pelleted rats in the presence of anti-dynorphin antiserum was significantly lower than the evoked CGRP release observed in tissues taken from morphine-pelleted rats in the absence or presence of control serum ( p Յ 0.05) and not significantly different from that observed in placebo-pelleted tissues in the absence or presence of control serum (Fig. 5 A, B) . For comparison purposes, evoked CGRP release in placebo-pelleted tissues was normalized as 100 Ϯ 15%. Evoked CGRP release in morphine-pelleted tissues was found to be 197 Ϯ 26% of this control group ( p Յ 0.05). Similarly, evoked CGRP release in tissues taken from placebo-pelleted rats in the presence of control serum was normalized as 100 Ϯ 12%. Evoked CGRP release in the presence of control serum in tissues taken from morphinepelleted rats was 182 Ϯ 12% ( p Յ 0.05). Evoked CGRP release in the presence of dynorphin antiserum in tissues from placebopelleted rats was normalized as 100 Ϯ 17%. Evoked CGRP release in the presence of anti-dynorphin antiserum in tissues from morphine-pelleted rats was found to be 102 Ϯ 22% of control, a value that was not significantly different.
Dynorphin A (2-13) , a non-opioid dynorphin fragment, enhances capsaicin-evoked released CGRP in naive tissue
The possibility that pharmacological application of dynorphin A (2-13) might mimic the apparent facilitatory effects of upregulated endogenous spinal dynorphin elicited by sustained morphine treatment was tested. Basal and capsaicin-evoked CGRP release from spinal tissues harvested from naive rats was measured in the absence and presence of dynorphin A (2-13) . Dynorphin A (2-13) (1 M) applied to the superfusate in the absence of capsaicin did not evoke significant release of CGRP above the basal value (data not shown). In contrast, application of dynorphin A (2-13) (1 M) significantly enhanced capsaicin-evoked CGRP release (Fig. 6 A, B) . For comparison, the mean evoked release of CGRP by 1 M capsaicin was normalized to 100 Ϯ 18%. Superfusion of capsaicin with dynorphin A (2-13) resulted in an evoked CGRP release of 336 Ϯ 96% ( p Յ 0.05) of this control group (Fig. 6) .
DISCUSSION
The results of the present study demonstrate the remarkable plasticity induced in the nervous system after sustained exposure to morphine. The present data confirm and extend previous Figure 5 . Male Sprague Dawley rats were implanted with two subcutaneous placebo or morphine pellets and killed 7 d after pellet implantation. The dorsal lumbar spinal cord tissue was dissected, minced, and placed in perfusion chambers. Basal and evoked CGRP released into the perfusate was measured at 3 min intervals ( A), and capsaicin-evoked CGRP release was indicated by the amount of CGRP present above the baseline release levels ( B). The horizontal bars in A represents the period in which capsaicin (1 M) and dynorphin antiserum (1 mg/100 ml) (Dyn A/S) or a rabbit control serum (1 mg/100 ml) were added to the perfusate. Basal levels of CGRP release were not significantly different among the treatment groups. In separate experiments, neither dynorphin antiserum nor control serum (CS) altered basal CGRP release (data not shown). Capsaicin-evoked release of CGRP was significantly greater in tissues from morphine-treated rats 7 d after pellet implantation when compared with the placebo-treated group (*p Յ 0.05). Coadministration of capsaicin and control serum to the perfusion medium did not alter the capsaicin-evoked release of CGRP from tissues obtained from either placebo or morphine-treated rats; evoked CGRP release in the morphine-treated tissues was significantly greater than that seen in the placebo-pelleted group. Coadministration of capsaicin and a dynorphin antiserum to the perfusion medium prevented the enhanced capsaicin-evoked release of CGRP in tissues from morphine-treated rats such that the level of release was not different from the placebo control group. Each treatment group consisted of 10 animals. findings indicating that morphine exposure significantly upregulates spinal dynorphin (Vanderah et al., 2000) and CGRP in vivo (Menard et al., 1996; Powell et al., 2000) and in vitro (Ma et al., , 2001 . The increase in expression of these substances appears to be of functional significance, providing a physiological basis for increased stimulus-induced excitation to the spinal cord that may underlie paradoxical opioid-induced pain. Several novel insights can be gleaned from these data that impact our understanding of opioid-induced paradoxical pain and possibly the behavioral manifestation of antinociceptive tolerance. First, the enhanced expression of spinal dynorphin produced by sustained morphine exposure requires descending influences via the DLF. Second, sustained morphine exposure results in enhanced content and evoked release of CGRP. Third, pharmacological application of non-opioid fragments of dynorphin enhance capsaicin-evoked release of CGRP, confirming the observations of Hargreaves and colleagues (Claude et al., 1999) and providing a possible basis for the increased evoked CGRP release measured in tissues from morphine-pelleted rats. Fourth, the increase in evoked CGRP release from spinal tissues taken from morphine-exposed rats is blocked by antiserum to dynorphin but not by a control serum, implicating endogenous dynorphin in this effect. Finally, manipulations that block the upregulation of spinal dynorphin resulting from morphine pellets, namely bilateral DLF lesions, also block the enhanced evoked CGRP release observed in tissues taken from morphine-pelleted rats. Together, these data support the hypothesis that morphine-induced upregulation of spinal dynorphin results secondary to plasticity in the RVM and that dynorphin acts in a non-opioid manner to enhance the evoked release of excitatory transmitters from primary afferent fibers. Because DLF lesions and dynorphin antiserum are manipulations that have been also been shown to block opioid-induced pain and antinociceptive tolerance (Vanderah et al., 2000 (Vanderah et al., , 2001b , it seems reasonable to suggest that enhanced evoked excitatory transmitter release may be an important factor that underlies opioidinduced paradoxical pain and the subsequent expression of antinociceptive tolerance.
The supraspinally mediated facilitation of nociceptive inputs at the level of the spinal cord is well recognized (Fields, 1992; Zhuo and Gebhart, 1992; Urban et al., 1996; Urban and Gebhart, 1997; Porreca et al., 2002) . Based on observations with microinjection of lidocaine and lesions of the DLF, an exaggerated persistence of such tonically active descending facilitation from the RVM has been suggested to be critical for the expression of morphineinduced paradoxical pain and antinociceptive tolerance (Tortorici et al., 2001; Vanderah et al., 2001a,b) . Spinopetal projections from the RVM are known to descend through the DLF (Fields and Basbaum, 1999) , suggesting the possibility that such descending influences may elicit changes at the spinal level. Although descending facilitation may promote nociceptive inputs directly, such influences may also promote pain indirectly, perhaps by invoking the upregulation of pronociceptive substances, such as dynorphin, in the spinal cord Vanderah et al., 2001a) . Studies have demonstrated repeatedly that persistent exposure to morphine strongly upregulates spinal dynorphin content (Nylander et al., 1995; Rattan and Tejwani, 1997; Vanderah et al., 2000 Vanderah et al., , 2001a Gardell et al., 2001 ). The present study extends these previous observations by demonstrating the regulatory influences of descending projections as disruption of the DLF blocks opioid-induced upregulation of spinal dynorphin. Importantly, lesions of the DLF also prevents the development of enhanced capsaicin-evoked release of CGRP observed in spinal tissues taken from morphine-treated rats. It therefore appears that the neuroplasticity of the RVM that has been suggested to result in descending facilitation also elicits the upregulation of spinal dynorphin and subsequently increases evoked neurotransmitter release, suggesting a strong functional Figure 6 . Capsaicin (1 M)-evoked release of CGRP from the dorsal lumbar spinal cord slices harvested from male Sprague Dawley rats was significantly enhanced in the presence of dynorphin A (2-13) , a non-opioid fragment. CGRP release was measured at 3 min intervals ( A), and capsaicin-evoked CGRP release was indicated by the amount of CGRP present above the baseline release levels ( B). The horizontal bars in A represent the period in which capsaicin (1 M) and dynorphin A (2-13) (1 M) were added to the perfusate to evoke release of CGRP. CGRP released from the tissues induced by capsaicin was significantly enhanced by the coadministration of 1 M of a non-opioid fragment, dynorphin A (2-13) (*p Յ 0.05). Each treatment group consisted of 10 animals.
link among these three phenomena and ultimately the behavioral consequences of morphine exposure.
The role of spinal dynorphin as a possible mediator of pain resulting from sustained morphine exposure is also supported by these, and previous, findings. Mice with deletions of the gene coding for prodynorphin fail to develop antinociceptive tolerance or behavioral signs of abnormal pain in response to morphine pellet implantation (Gardell et al., 2001) . Furthermore, the spinal injection of MK-801 or of antiserum to dynorphin blocked enhanced pain and antinociceptive tolerance in the wild-type littermates (Gardell et al., 2001) , as well as in morphine-exposed rats (Vanderah et al., 2000) . Despite these observations, the precise mechanisms by which spinal dynorphin might mediate these effects have not been clear. Evidence for an excitatory action of spinal dynorphin has been supported by the observation of pharmacologically induced pain (Vanderah et al., 1996; Laughlin et al., 1997) and by observations demonstrating that pharmacological dynorphin A (1-13) evoked an increased release of glutamate and aspartate into the extracellular fluid of the spinal cord (Skilling et al., 1992) . These dynorphin effects were blocked by MK-801, suggesting an NMDA-receptor mediated action (Skilling et al., 1992; Vanderah et al., 1996; Laughlin et al., 1997) . Furthermore, infusion of dynorphin A (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) and the des-Tyr derivative dynorphin A (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , which is devoid of binding affinity to opioid receptors, into hippocampal tissue through a microdialysis probe produced dose-dependent release of glutamate and aspartate, and this effect was not blocked by opioid antagonists (Faden, 1992) . Dynorphin A (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) potentiates the capsaicin-evoked release of substance P (SP) from caudal trigeminal nuclear slices, and this effect was not blocked by -, ␦-, or -opioid receptor antagonists but was blocked by NMDA antagonists (Arcaya et al., 1999) . Furthermore, neonatal capsaicin, which selectively destroys SPcontaining primary afferents, blocked the ability of dynorphin to facilitate K ϩ -evoked release of SP in trigeminal slices (Arcaya et al., 1999) . It was concluded that dynorphin enhances the release of SP from primary afferent C-fibers through an NMDA-related mechanism to promote exaggerated pain (Arcaya et al., 1999) . Hargreaves and colleagues have demonstrated recently enhanced capsaicin-evoked release of CGRP by dynorphin A (2-13) from naive rat spinal cord sections (Claude et al., 1999) . This observation was confirmed in the present investigation and extended to encompass the role of endogenous dynorphin upregulated in the spinal cord after morphine treatment.
A possible basis for the enhanced evoked release of CGRP seen in tissues from morphine-exposed rats is the increased content of CGRP evident in both the spinal cord and the dorsal root ganglia. Increased spinal CGRP appeared to extend into deeper laminas of the spinal dorsal horn after morphine treatment. The reasons for this are not clear. Preliminary evidence suggests that the apparent number of CGRP-positive cells in the dorsal root ganglion is increased after morphine treatment. However, the nature of these cells (i.e., size and phenotype) awaits further characterization. Dynorphin can pharmacologically enhance the evoked release of CGRP from naive tissue, suggesting that upregulated content is not necessary. It is not clear whether the enhanced evoked release of CGRP seen in tissues from morphine-exposed rats, in which there is enhanced expression of endogenous dynorphin, results from the actions of dynorphin alone or depends also on the upregulation of CGRP. Nevertheless, the critical importance of spinal dynorphin is supported by the blockade of enhanced evoked release in morphine-exposed tissues by antidynorphin antiserum. Anti-dynorphin antiserum did not block evoked CGRP release in naive or placebo-pelleted tissues. Additionally, no enhanced evoked CGRP release was observed in tissues taken from morphine-exposed animals with previous lesions of the DLF. DLF or sham lesion did not alter evoked CGRP release in placebo-pelleted rats. This finding also demonstrates that the increased release of CGRP seen in tissues from morphine-exposed rats was not the result of an in vitro expression of opioid withdrawal. This conclusion is supported by the fact that tissues taken from rats with previous DLF lesions had been exposed to morphine in exactly the same way as those without DLF lesion. Also supporting this conclusion is the failure to demonstrate differences in basal (i.e., unstimulated) CGRP release in tissues from morphine-or placebo-pelleted rats. The latter observation also argues against possible "sensitization" of the release mechanisms in the afferent fibers after morphine treatment.
The molecular mechanisms by which dynorphin or its nonopioid fragments may enhance evoked release from primary afferents remain to be elucidated (for review, see Lai et al., 2001; Vanderah et al., 2001a) . However, the actions of dynorphin, upregulated after sustained opioid exposure, appear to promote excitation, abnormal pain, and antinociceptive tolerance. Blockade of dynorphin actions or expression has been shown to block opioid abnormal pain and antinociceptive tolerance. In this regard, these findings are consistent with most of the actions of many other classes of substances that have been reported to block opioid antinociceptive tolerance. These substances most commonly block endogenous substrates that promote excitation and pain (for review, see . Because pain can be regarded as a "physiological antagonist" of opioid antinociception, the present findings provide at least one possible basis for increased pain after sustained exposure to opioids and may allow new approaches for preventing the expression of opioid antinociceptive tolerance.
